Introduction
Functional electrical stimulation (FES) provides an opportunity for wheelchair-dependent individuals with spinal cord injuries (SCI) to achieve brace-free ambulation. In FES systems, sensing technologies can reliably distinguish the active step side direction of stimulated movement. In previous studies, Kevin L. Kilgore et al established a second-generation FES neuroprosthesis that users controlled their stimulated function through EMG signals [1] . Another study explored the pathological applications of EMG in FES control, indicating that the surface EMG (sEMG) from partially paralyzed muscles in an individual with motor incomplete injuries could be used by a linear classifier to detect the intent to initiate a step during walking and trigger electrical stimulation [2] . Actually, the application of these EMG signals for paralyzed patients was limited. Therefore, we suggested step side direction information of individual's moving coming from handle reaction forces (HRF) which were extracted from walker dynamometer system. The goal of our study was to introduce a novel operation based on HRF for step side recognition, and to validate that HRF was potential to predict side step information for the FES automatic control during assisted walking. This could provide a stable solution to prediction of FES side control and give help to the advanced motor neuroprostheses system design for lower limbs.
Methods
Experiment: The experiment was recruited, which consisted of 10 healthy subjects (5 male and 5 female, mean age of 24.1±1.4 years, range 22-26), without known neurological disorders and serious cardiopulmonary ailments. They were required to step only under FES with the walker.
Walker Dynamometer System: The instability of patients' walking was transferred from patient to walker by the force of upper extremities, in other words handle reaction forces (HRF) [3] 
K-means Clustering Algorithm:
The k-means clustering algorithm was used here to extract feature values from HRF. There were three user-specified parameters in the kmeans algorithm, including number of clusters k, cluster centre initialization, and distance metric. The number of clusters k was the number of groups which the data finally would be divided into. So k was set to 2 in order to get two eigenvalues during one gait cycle. The cluster initialization was very important for the method was sensitive to initial positions of cluster centres. Here we randomly select two samples of the force instance as the centre initializations. Distance metric was shown in Eq. 2.
Support Vector Machine: Our problem could be regarded as a 2-class problem, which was the fundamental problem in classification methodologies. And the two classes were Class L (meaning stepping left via FES) and Class R (meaning stepping right via FES) respectively. In the training session, the inputs were 12-dimentional feature vectors (shown in Eq. -2013-4023 where M was the number of vectors in training set X and 1 i c to 2 1 i c were the 12 cluster centers of 6 forces in the ith gait cycle obtained by k-means clustering. SVM was a kind of learning method based on kernel functions. Four kernel functions which had been commonly used in SVM included Polynomial (homogeneous), Polynomial (inhomogeneous), Radial Basis Function, Hyperbolic tangent. Different kernel functions led to different results of SVM classification. So it was necessary to choose proper kernel function when solving different problems. In our study, we investigated these four kernel functions for classification, and chose the best for subsequent research.
Results
To demonstrate the efficiency of features extracted by clustering algorithms, the support vector machine with 5-fold cross-validation was adopted to classification. The method of cross-validation means that part of data is used in training sessions, and the remaining data is used for evaluating the performance of the algorithm [4] . To reduce variability, multiple rounds of cross-validation are performed using different partitions, and the validation results are averaged over the rounds. The recognition rates of SVM with different kernel functions were similar, so we took the result with Radial Basis Function as an example (shown in figure 1 ). The highest rate is 96.8% of Subject 8, the lowest is 55.8% of Subject 6, and the average of 10 subjects is 79.6%. In our study, the eigenvalues were extracted from HRF of the mixed 50 samples of 10 subjects using clustering arithmetic and recognized by support vector machines with the different kernel functions. The recognition rate of k-fold cross-validation (k=2, 3, 4, 5), is shown in figure 2 , in which the recognition rate is between 63% and 80% with the highest 79.3%. We can tell from the figure that SVM with Hyperbolic Tangent Function, which is robust to different folds of cross validation, is the best fit method.
Discussion
The feasibility of this HRF based features was tested through SVM. For single subject, the recognition rate of SVM was high enough to make two legs differentiable. But there were still some subjects with low recognition rates, which may have a relationship with the prophase of training they were subjected to and the instability of their walking. As to group recognition, the results were no doubt worse than the best individual result because of the differences in weights, strengths, and et al between different subjects. However, a proper classification method with nearly 80% recognition rate across individuals showed great potential for the step side direction control method proposed in this study. And necessarily, excess efforts should be taken in order to eliminate inter-individual differences and enhance the universality of FES system. Our work on step side recognition laid the foundation of side prediction, which was the previous work for practical application of FES. The recognition rate in our study can reach above 85%. Hence, the method to extract features used in this paper is feasible. In future work, more subjects including patients will be recruited and the difference between healthy subjects and patients need to be analyzed.
